After a preliminary period in light, leaf disks floated on 10 mM a-hydroxy-2-pyridinemethanesulfonic acid to inhibit glycolate oxidase accumulate glycolate at average initial rates of 67 micromoles in tobacco and 8 micromoles per gram fresh weight per hour in maize under optimal conditions in air. In the presence of "CO2, the glycolate synthesized has a high specific radioactivity in illuminated tobacco and a low one in maize. Isonicotinic acid hydrazide also inhibits glycolate oxidation and causes a slow accumulation of glycolate in maize but not in tobacco, while it inhibits glycolate synthesis in tobacco but not in maize. Radioactive carbon in acetate-2-"C and especially pyruvate-3-VC is incorporated predominantly into the C-2 of glycolate in both species, but the specific radioactivity is much greater in maize. Glyoxylate-2-"C is readily converted to glycolate-2-"C in both species. The addition of phosphoenolpyruvate stimulated glycolate formation in maize and inhibited its synthesis in tobacco, and in the presence of "CO2 the specific radioactivity in glycolate-"C was decreased greatly by the added phosphoenolpyruvate only in maize.
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Thus, unsymmetrically labeled glycolate is mainly synthesized from pyruvate-3-"C by a slow pathway in maize. Tobacco possesses an additional rapid pathway that produces equally labeled glycolate more directly from fixed CO2 during photosynthesis. Glycolate is believed to be the primary substrate of photorespiration, and sufficiently rapid rates of glycolate synthesis have been observed in tobacco to account for this function. Hence the high rates of photorespiration observed in tobacco leaves compared with maize result partly from differences between these species in the pathway of glycolate synthesis.
The production of CO2 occurs more rapidly in many species and varieties of illuminated leaves than it does during the usual reactions of dark respiration, and the carboxyl-carbon of glycolic acid is the main source of this photorespiratory CO2 (30, 31) . Rates of photorespiration are often at least 50 and more likely 100 ,Lmoles of CO2 evolved per mg of chlorophyll per hr (33) . The rapid synthesis of glycolate and its oxidation to CO2, when they occur, diminish net CO2 assimilation during photosynthesis. Hence the regulation of these biochemical pathways will frequently result in large increases in plant productivity.
Although glycolate is a simple two-carbon compound, there is still uncertainty about the mechanism of its biosynthesis in photosynthetic tissues. It is well established that synthesis occurs best in light, and in relatively low concentrations of CO2 and high concentrations of oxygen in the ambient atmosphere (33) .
Several routes of biosynthesis have been proposed. Thus the large increase in glycolic acid concentration and reciprocal changes in Calvin cycle intermediates in Scenedesmus when the CO, concentration was lowered from 1.0 to 0.003% suggested to Wilson and Calvin (26) that glycolate was derived from a two-carbon fragment in the cycle. Shain and Gibbs (23) have recently described an isolated system that produced glycolate from "active glycolaldehyde" obtained from fructose-6-P. Their system also contained fragmented spinach chloroplasts supplemented with transketolase, ferredoxin, and NADP+, and glycolate was synthesized in the light at rates as great as 10 ,moles/ mg chlorophyll -hr.
Tolbert and co-workers (22) investigated an active P-glycolate phosphatase that is present in leaf chloroplasts (24) and suggested that P-glycolate was derived from carbon atoms 1 and 2 of ribulose-diP or fructose-diP. Ogren and colleagues (3, 18) found that P-glycolate was synthesized from ribulosediP in the presence of purified ribulose-diP carboxylase in an atmosphere of 02. This reaction was further examined by Andrews et al. (2) , who showed that, when 1802 was supplied to intact leaves in the light, it was incorporated into the carboxyl group of glycine, a product of glycolate metabolism. With purified enzyme in the presence of 02 (and in the absence of CO2), 1 mole of 02 was found incorporated into P-glycolate per mole of ribulose-diP utilized (16) . However, under optimal conditions (including 100% 02), the rate of P-glycolate formation was only 15% of the rate of CO2 fixation by the carboxylase. Accordingly, these rates appear far too low to account for the rates of glycolate synthesis needed for photorespiration as indicated above.
There are also several lines of evidence indicating the involvement of a direct carboxylation in glycolate synthesis. Warburg and Krippahl (25) showed that a stoichiometric relation could exist between CO2 uptake and 02 evolution in illuminated Chlorella, in which 2.0 molecules of CO2 were taken up to produce 1.0 molecule of glycolate and 1.5 of 02. Kinetic evidence supporting a direct carboxylation pathway for glycolate synthesis independent of the Calvin cycle was shown in photoheterotrophically grown Rhodospirillum rubrum (1) . And in tobacco leaves given 14CO2 in light, the specific radioactivity of the carbon atoms of glycolic acid was similar to that of the "CO2 provided, and much greater than the carboxyl-carbon of P-glyceric acid, the first compound labeled in the Calvin cycle (31) .
Glyoxylate reductases are very active in leaves, and these enzymes catalyze the formation of glycolate from glyoxylate in the presence of NADH (13, 28) or NADPH (36 The killed tissue and surrounding fluid were transferred and ground in a Ten Broeck homogenizer, and the suspension was washed into centrifuge tubes with water. The suspension was centrifuged at 10,000g for 10 min, and the residue was washed twice by centrifugation with 5-ml portions of water. The combined supernatant fluids were placed on columns of Dowex-l acetate (X8, 200-400 mesh) anion exchange resins 0.7 cm in diameter and 6 cm in height. The columns were washed with water, and then the glycolic and glyoxylic fractions were collected by elution with 4 N acetic acid (34) . The glycolate concentration was determined colorimetrically in 0.10-ml samples from the10-ml glycolic acid fraction (29) , and a correction was made based on the concentration in samples without the inhibitor or samples taken at zero time.
There was no more than 0.1 umole of glycolic acid in such control samples in six disks (240 mg fresh wt); hence, the correction was usually negligible. Specific Radioactivity of Isolated Glycolic Acid. Before "CO,2 was supplied, six leaf disks were strung on a thread and were illuminated at 1000 to 2000 ft-c in large (75-ml) Warburg vessels while floating on water for 90 min. Then the water was replaced with either water or a-HPMS' solution, and "CO2 was released into the closed system from a sidearm at zero time (32) . The glycolic acid fraction was obtained, and its concentration was determined as described above. Glycolic acid was further purified by use of paper chromatography in an alkaline solvent and finally degraded with glycolate oxidase to obtain the radioactivity in C-1 and C-2 (35).
Incorporation of Precursors into Glycolic Acid. Radioactive precursors were added to illuminated leaf disks together with carrier at concentrations from 0.25 to 5 mm in large Warburg flasks after the disks had been maintained for 60 min in water at 2000 ft-c. The water was replaced with about 1.0 ml of "C-labeled substrate, usually together with a-HPMS solution. When pyruvate-"C or glyoxylate-"C were the substrates, these were supplied separately for 30 to 60 min before the inhibitor solution was added to the flasks. At the end of the experiments, disks were removed from the flasks by their connecting thread, immersed briefly in 200 ml of water to remove adhering "C-substrate, and killed in boiling 20% ethyl alcohol. Radioactivity was determined by scintillation counting in a toluene-ethanol solution, and the isolation of glycolic acid and its degradation were carried out as described above.
Plant Radioactive Substrates. Sodium acetate-2-"C was obtained from Amersham-Searle with a stated 98% radiochemical purity. A sample (15X 10' cpm) was placed on a column of Dowex-l acetate, and the glycolic and glyoxylic acid fractions obtained were further purified by paper chromatography as indicated above. Glycolic acid contained 71,500 cpm (0.48%) and glyoxylic acid had 7,920 cpm (0.05%). Sodium pyruvate-2-"C was purchased from Amersham-Searle, and a sample containing 505.000 cpm had 700 cpm (0.14%) in glycolic acid obtained as above. Sodium pyruvate-3-w"C was from New England Nuclear, and a sample containing 19.9X 106 cpm showed 3.120 cpm in glvcolic acid (0.016%) and 6,420 cpm in glyoxylic acid (0.032%). Sodium glyoxylate-2-"C was purchased from Amersham-Searle and was purified on a Dowex-l acetate column before use to remove any contaminating glycolic acid-"C (34). Incorporation of "CO2 into Glycolic Acid in Illuminated Tobacco and Maize. During photosynthesis of tobacco leaf in "CO2 in the presence of a-HPMS, the specific radioactivity of the carbon atoms of the glycolic acid produced is similar to that of the "CO2 supplied (31) . A further comparison of the specific radioactivity of glycolate-"C synthesized by tobacco and maize under similar conditions is shown in Table II . In both species the radioactive glycolate is approximately equally labeled in both carbon atoms, as is usually observed when glycolate is synthesized from "CO2 (4). In tobacco, the specific radioactivity of the added "CO2 was usually only slightly greater than that of isolated glycolate-2-"'C (Table II; Table  III Comparison of 'CO-2, Acetate-2-"C, Pyruvate-2-14C, Pyruvate-3-"C, and Glyoxylate-2-_4C as Precursors of Glycolate-"lC in Tobacco and Maize. Because acetate-2-n"C was converted into radioactive glycolate in illuminated Chlorella (7, 17) , the efficiency of this incorporation was compared with that of Pyruvate-2-"C, which may be biochemically equivalent to acetate-l-"C, produced nearly equally labeled glycolate-"C in maize and tobacco (Table III; Expts. 5 and 6). The radioactive carbon of pyruvate-3-"C, which is probably in equilibrium with acetate-2-"C, was incorporated and mainly into glycolate-2-"C (Table III (20, 21) . This inhibitor slowed photorespiration in tobacco (6, 35) and strongly blocked the synthesis of serine from glycine in illuminated tobacco leaf disks (35 rates of photorespiration fix "CO2 first into oxaloacetate during photosynthesis (9, 14) and have high activities of phosphoenolpyruvate carboxylase (12) in comparison with species with high rates of photorespiration, such as tobacco. Therefore, PEP was added to leaf disks in the light to increase the pool size of oxaloacetate produced during assimilation in "CO2 in order to learn whether this would affect glycolate synthesis differently in maize and tobacco.
RESULTS

Rates of Glycolic Acid Synthesis in
In the experiments shown in Table V , a preliminary treatment with PEP increased the rate of "CO2 uptake slightly in both maize and tobacco in comparison with controls on water. The subsequent treatment with a-HPMS had virtually no effect on the "CO2 uptake in either species whether or not PEP was supplied during the preliminary period.
Addition of PEP (Table V) almost doubled the rate of glycolate synthesis in maize while it severely inhibited glycolate accumulation in tobacco. The glycolate-`C produced from "CO. in both species was approximately equally labeled. The specific radioactivity of glycolate-2-"C in maize was decreased about 10-fold on addition of PEP, suggesting that a product of the carrier PEP is a more preferred precursor of glycolate than is "CO2. On the other hand, the addition of PEP to pimole C tobacco leaf disks had no effect on the specific radioactivity of glycolate-2-"C produced, indicating that PEP contributed little carbon to glycolate synthesis in comparison with`4CO2 even though the addition of PEP inhibited the rate of syn-
thesis. DISCUSSION
The inhibitor a-HPMS has little effect on net "CO2 uptake under the conditions used with tobacco leaf disks, and it causes large increases in CO2 assimilation at 35 C (32) when glycolate oxidation and photorespiration are blocked. It appears specifically and rapidly ( Fig. 1) to inhibit glycolate oxidation, and glycolic acid thus accumulates at an average initial rate of 67 ,umoles/g fresh wt hr (Table I ). This is equivalent to a rate of synthesis of about 45 ,umoles/mg chlorophyll-hr. In tobacco, the glycolate is produced rather directly from`CO, (Table II) and is equally labeled in both carbon atoms. Hence glycolate synthesis must consume at least 90 ttmoles of CO2/mg chlorophyll-hr in air, or a sufficient quantity to account for rates of photorespiration commonly found if it is completely oxidized.
Maize leaf disks are more sensitive to a-HPMS, and even in short times of exposure to the inhibitor in light a decrease in`CO2 assimilation is usually observed (Table II) . However, a considerable amount of evidence in this paper suggests that glycolate is not synthesized very effectively from CO2 in maize. The rate of glycolate accumulation is constant for at least 6 min in maize leaf disks floated on 10 mM a-HPMS (Fig. 1 Experiments with INH also show that large differences exist in glycolate metabolism in tobacco and maize (Table  IV) . This inhibitor slowed glycolate synthesis in tobacco but not in maize, again suggesting that glycolate is produced by different pathways in these species. These results explain the inhibition of photorespiration by INH in tobacco (6, 35 Pyruvate is rapidly converted to PEP in maize leaves by an active PEP synthetase (10) , and each of these substrates is a better precursor of glycolic acid in maize than in tobacco (Tables III and V) . Perhaps the source of the glycolate in maize is glyoxylate produced by the malate synthetase reaction from malate derived from the carboxylation of PEP and its subsequent reduction. Assays for malate synthetase in tobacco leaves showed very low activity (27) , but maize leaves have apparently not been examined for this enzyme. Glyoxylate may also be derived from the isocitrate lyase reaction (5) . Although the pathway of glycolate synthesis from pyruvate is still uncertain, exogenous PEP stimulated glycolate -production in maize more than did "4CO2 present in the atmosphere, while in tobacco the PEP pathway did not seem to be very important.
Therefore, maize possesses a slow pathway of glycolate synthesis from pyruvate or PEP, and this mainly gives rise to slow rates of photorespiration. When glycolate is added to leaf disks (32) or is introduced into maize through the vascular system (11), it is readily metabolized. Thus, the limitation of glycolate availability in vivo and perhaps a somewhat less active system for metabolizing glycolate to CO2 in vivo (34) 
